Thrust bearing is one part with the highest failure rate in hydroturbine generator set, which is primarily due to heavy axial load. Such heavy load often makes oil film destruction, bearing friction, and even burning. It is necessary to study the load and the reduction method. The dynamic thrust is an important factor to influence the axial load and reduction design of electromagnetic device. Therefore, in the paper, combined with the structure features of vertical turbine, the hydraulic thrust is analyzed accurately. Then, take the turbine model HL-220-LT-550, for instance; the electromagnetic levitation load reduction device is designed, and its mathematical model is built, whose purpose is to minimize excitation loss and total quality under the constraints of installation space, connection layout, and heat dissipation. Particle swarm optimization (PSO) is employed to search for the optimum solution; finally, the result is verified by finite element method (FEM), which demonstrates that the optimized structure is more effective.
Introduction
For vertical shaft hydroturbine generator set, the axial load is mainly composed of two parts, total gravity of rotating parts and hydraulic axial thrust. In large and medium hydropower units, it could be up to thousands of tons. With the development of unit capacity, axial load shows the growing tendency, and some in actual operations have exceeded rated loads, which would lead to serious deformations of thrust tiles, oil film breakdown, and mechanical strength aging. In particular, under long-term loading conditions, oil film breakdown would cause in future mechanical abrasion and heat problems [1] [2] [3] ; thrust bearing has been regarded as one of the most complex components in hydropower plant [3] [4] [5] . In recent years, bearing faults happen all the time, such as in Gezhouba, Baishan, and Wujiangdu, whose characteristics mainly show high temperature in certain areas of pads or burning-out. Reference [2] indicated that the bearing failure rate takes up almost 60% of the total mechanical faults in the whole unit. With the increasing proportion of hydropower in power system, the reliability and stability of unit operation become much more pressing concerns to deal with. How to develop new technical methods to reduce axial load and enhance reliability have become a key technology in the design of hydropower generator unit and capacity-increasing transformation.
Ma et al. proposed a new method by using permanent magnetic and electromagnetic levitation devices to reduce the axial load [2] [3] [4] . In electromagnetic part, the main idea is to use the electromagnetic towing force to counteract most of the downward axial load, about 80%; in this way, thrust bearing just needs to bear about 20% of the total load, the frictional loss of oil films could be declined, and failure rate is accordingly reduced. References [3, 4] have analyzed the structure, feasibility, and predomination when compared with traditional supporting forms. However, hydraulic axial thrust has a big impact on axial load and reduction design; it is necessary to be analyzed accurately. Besides, the structure parameters of the device are interactional, which determine the performance of the device. Therefore, to improve the efficiency, combined with the thrust analysis and original structure, a mathematical model of electromagnetic device is established and PSO is employed to search for the optimum relation.
Hydraulic Axial Thrust of Turbine
According to stress and structure analysis of the runner (shown in Figure 1 ), the hydraulic thrust is composed of water pressure on upper canopy, runner band, ingress, exit, the inner surface of the cavity flow path, and the buoyancy of runner [6, 7] . If there is no outlet entrance on the surface of upper canopy, the force 1 on the upper canopy is associated with static pressure of upper wearing ring ingress, which can be described as follows:
where is the unit weight of water (N/m 3 ); is acceleration of gravity (N/s 2 ); 0 is angular velocity coefficient of water on upper canopy; generally, 0 = 0.5 [6] ; 1 is radius of upper wearing ring ingress (m); 1 is static head of ingress of upper wearing ring (m) [7] , whose specific expression is
where 0 is rated head (m); is hydraulic turbine discharge (m 3 /s); is turbine blade height (m); is the efficiency of hydraulic turbine; is working head (m); is turbine rated speed.
The force 2 on runner band depends on the static head of the lower wearing ring ingress 2 (m), the diameter of upper wearing ring ingress 1 (m), and the diameter of lower wearing ring ingress 2 (m), and it is often expressed as
On turbine blade inlet, the force 3 is given in (4), where
is the axial component of the absolute speed on the upper wearing ring ingress [7] and is the inclination angle between runner inlet section and main shaft:
On blade outlet, the force 4 is in connection with draft height and exit velocity 2 :
According to the flow momentum theorem on runner inlet and outlet, the force 5 on runner cavity and the upward buoyant force on the runner submerged in the water 6 can be described as follows:
where is the runner weight (kg) and is the specific gravity of runner. Combined with structure parameters of the turbine model HL-220-LT-550 in Ankang hydropower station, each force component is calculated and shown in Table 1 .
The hydraulic thrust under the rated condition is th = 1 + 2 + 3 − 4 − 5 − 6 = 5436 kN, and the total axial load is = + th = 14158 kN, about 1387 tons. It can be seen that the hydraulic thrust is up to 62% of the gravity of rotating parts and up to 39% of the total axial load. So, the hydraulic thrust, as one important component of the axial load, should not be ignored. The thrust force varies with water head, speed, and flow, whose value on other work conditions could be evaluated according to (1)-(6). 
Modeling of Electromagnetic Levitation Device

Principle of Electromagnetic Levitation
Device. The load shedding device (i.e., DC sucker electromagnetic levitation device) has the character of compact conformation [3] . The device could be installed outer flank of main shaft, which consists of the rotating armature iron (connected with the main shaft) and fixed iron core (fixed by the earthwork), as shown in Figure 2 . The excitation coils are placed in soft magnetic materials (fixed iron core) and contained in epoxy, which can keep good insulation and is suitable for high humidity environment. When the device is electrified, armature would be attracted, and there exists an upward pull. Due to the connection of armature and main shaft, the upward attractive force is passed to main shaft, the rotating parts of hydrogenerator set could be subject to the pulling force, and the force can be adjusted according to the actual operation. The profile diagram for the electromagnetic levitation device is shown in Figure 3 .
Assumed to neglect the effect of saturation and flux leakage, the electromagnetic force generated by electromagnetic device can be expressed as follows [8, 9] :
) . (7) is magnetic reluctance and can be expressed as
where 12 = ( 1 + 2 )/4 and 34 = ( 3 + 4 )/4; is the magnetic permeability of iron.
Mathematical Model.
Electromagnetic levitation device uses ring configuration; in order to improve the utilization ratio of iron cores, the areas of inner and outer rings should be identical. Magnetic pressure and system loss are determined by coil turns and exciting current; therefore, assume that the design variable is = [ 2 , , ℎ 2 , , ]. In this paper, take excitation loss and total weight of electromagnet as the objective functions:
where Fe is the density of ferrite. According to the design requirement, electromagnetic force should not be less than min = 0.7 , while electromagnetic force should not be larger than max = 0.8 ; otherwise, it would cause the instability of the hydrogenerator unit, so 0.7 < ele < 0.8 .
Structure design should consider restraining factors, such as the actual installation space, cabling requirement, and heat dissipation. To guarantee that the outer and inner magnetic flux intensities are more or less the same, outer and inner ring areas might be equal. So, there exist the following constraints:
1 − 2 = 0, 0.08 < ℎ 2 < 0.25, 3000 < < 8000,
where is the wire diameter; is the margin coefficient, generally set as 1.2; is filling factor of the coil and is about 0.5. The wire of electromagnetic device is concerned with the allowed maximum current. In this paper, choose the nominal wire diameter of 1.784 mm. According to the above, the limit condition is given as 0 < < 8.0.
Optimization Technology and Experiment
The essence of PSO is that letting information about good solutions spread around the population, each particle would tend to move to good areas [10, 11] . At each iteration time , particle is moved to a new position by adding a velocity term V ( + 1) to its current position X ( + 1) according to
where = 1, 2, . . . , pop and pop is the population size; best, is the best position of particle ; best is the global best position; is called inertia weight; 1 and 2 are acceleration factors; 1 and 2 are random selection of constants among [0, 1]. Optimization design ( (7) to (12)) is a constrained nonlinear problem; by the constructed penalty functions, the problem can be simplified as follows: Table 2 .
To verify the result, use ANSYS software [12] to simulate 1/4 of this device (shown in Figure 4 ). The simulation result is ele = 1053.46 kN, the error between FEM and numerical analysis is less than 5%, and the electromagnetic force distribution on the armature is shown in Figure 5 .
From Table 2 , the electromagnetic forces between preand postoptimization have little difference, not exceeding 4%, but the required magnetic potential is decreased about 1423 ampere turns, saving about 10.5%. When guaranteeing the load reduction requirement, the system loss and total gravity are decreased by PSO. The reason is that, after optimization technology, the effective pole areas grow from 12.949 m 2 to 14.818 m 2 . When the air-gap keeps in step, there are two ways to increase electromagnetic force, by raising the magnetic pressure or effective pole areas. The magnetic flux density is limited by material properties, and raising magnetic pressure would be susceptible to magnetic saturation problem. Meanwhile, there might be increase in the system loss. Therefore, on the condition of actual allowed space, increasing effective pole areas by optimization technology would meet the design task and simultaneously reduce the excitation loss and manufacturing cost.
Conclusion
The analytic process about hydraulic thrust has been described in this paper, whose calculation is a critical factor to the axial load and reduction design of the hydroturbine generator set. According to the calculation of turbine model HL-220-LT-550, the design requirement, and structure restriction of electromagnetic levitation load reduction device, the mathematical model is built. Then, use PSO to search for the optimum solution, and, by comparison, the optimization solution makes the electromagnetic device more efficient and of more performance. The analysis of hydraulic thrust can be applied to other similar turbines; the structural optimization method also could be extended to similar electromagnetic devices.
